Transition metal oxides (TMOs) have recently attracted interest as an alternative to boron/phosphorous doped layers in crystalline silicon heterojunction solar cells. In this work, the interface between n-type c-Si (n-Si) and three thermally evaporated TMOs (MoO 3 , WO 3 and V 2 O 5 ) was investigated by transmission electron microscopy and secondary ion-mass/x-ray photoelectron spectroscopy. For the oxides studied, chemical passivation of n-Si was attributed to an ultra-thin (1.9 -2.8 nm) SiO x~1.5 interlayer formed by chemical reaction, leaving oxygen-deficient species (MoO, WO 2 and VO 2 ) as byproducts. Field-effect passivation was also inferred from the inversion (hole-rich) layer induced on the n-Si surface, a result of Fermi level alignment between two materials with dissimilar electrochemical potentials (work function delta Δφ ≥1 eV). Therefore, the holeselective and passivating functionality of these TMOs, in addition to their ambient temperature processing, could prove an effective means to lower cost and simplify solar cell processing.
I. INTRODUCTION
As today's photovoltaic market continues to be dominated by crystalline silicon (cSi) technology, two cost-reduction efforts are being contemplated: thinner silicon wafers (< 100 µm) and the use of novel materials deposited at low temperatures with high throughput processes. Maximization of the solar cell open-circuit voltage (V OC ) to record values of 750 mV [1] has been possible by combining two principles of solar cell design [2] : (1) , alkali salts [ 6 , 7 ] and transition metal oxides (TMOs) [ [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ]. TMOs offer themselves as excellent candidates to substitute traditional c-Si dopants given their wide range of work function values (3 -7 eV) and marked p-or n-type semiconductivity [ 19 ] . Additionally, their semi-insulating properties allow for passivation of the c-Si surface without compromising carrier-conductivity, although their passivation potential in abrupt TMO/c-Si heterojunctions is limited to experimental V OC values of ~680 mV [ 11, 20 ]. This has prompted the use of a-Si:H passivating interlayers in order to surpass the 700 mV barrier, as has been demonstrated by a 725 mV V OC and a 22.5% conversion efficiency device with MoO 3 hole contacts [ 21 ] .
Therefore, a detailed understanding of the surface passivation mechanisms occurring at the TMO/c-Si interface (either by chemical bonding, charge selectivity or both) is still needed to potentiate the use of these passivating/carrier-selective materials.
In this work we will explain the origin of passivation in three TMO/n-type c-Si (n- 
II. EXPERIMENTAL
Sample structures were fabricated on polished float-zone Si wafers (100 orientation) with a thickness of 280 μm and 2.5 Ω-cm resistivity. After RCA standard cleaning, wafers were dipped in 1% HF during 1 min to etch SiO 2 away. In this step, the surface Si atoms become bonded to hydrogen to form a continuous H-terminated surface. Unfortunately, this configuration is unstable and will be substituted by an ultra-thin native SiO 2 layer after only a few minutes [ 22 ] . Therefore, special care was taken to avoid a long air exposure (<30 seconds) by transferring the HF-cleaned wafers into a N 2 glovebox before TMO deposition. interlayer is restricted to the TMO/n-Si interface. A compound SiO 2 -MoO 3 signal was also detected but at quite low intensities (<10 2 counts), more than two orders of magnitude lower than the SiO 2 signal and following the same trend. Therefore, the probability of a having a silicate-like Mo x Si y O 3 composition in the IL is low although it cannot be fully discarded. Finally, a SiOH -ion signal is also detected but 10 times smaller than SiO 2 ,
III. RESULTS AND DISCUSSION
suggesting it is also related to adventitious contamination. indicating that the spontaneity of these reactions is also affected by the initial equilibrium conditions, kinetic rates and the reactivity of the interface. Note also that any oxidation reaction essentially takes place by electron transfer, meaning that an electron loss in metallic Si yields an oxidized species (Si 0 -2ē → Si +2 ). This interpretation will be important when explaining Fermi level alignment between TMOs and n-Si (see Section E).
Regarding the relative ΔGs magnitude (V 2 O 5 > WO 3 > MoO 3 ), no correlation was found with IL thickness (Fig. 1) or the work function of air-exposed TMOs (φ V2O5 ~5.3, φ WO3 ~5.0, φ MoO3 ~5.4 eV) [ 16 ] .
C. XPS of TMO/interlayer/c-Si region
As suggested before, the degree of completion of TMO-Si reactions could be less than unity, so that Si could partially oxidize (Si + show the vanadium oxidation states involved. This is depicted in Fig. 3(b 
D. Film stoichiometry and growth mode
Compared to the qualitative composition obtained from ToF-SIMS, XPS allows the quantification of film stoichiometries as oxygen to metal ratios (O/M). However, the specific distribution of oxygen species (SiO x , V 2 O x ) from the total oxygen content is not straightforward. To clarify this issue, we focus on the oxygen O1s XPS spectra shown in A qualitative measure of silicon substrate coverage by V 2 O 5 can be obtained from plotting the normalized Si2p peak areas as a function film thickness, as shown in Figure 5 (right axis). At a first glance, three growth regimes are observed. During the first nanometers, a rapid linear increase of oxide coverage is observed until a critical thickness of ~3 nm is reached, followed by a less steep linear growth. Given that the IL thicknesses in ].
IV. CONCLUSIONS
The mechanisms behind the passivation of n-type c-Si surfaces by thin layers of 
